Abstract. Inhibition of osteoclast differentiation and bone resorption is considered an effective therapeutic approach to the treatment of postmenopausal bone loss. To find natural compounds that may inhibit osteoclastogenesis, we screened herbal extracts on bone marrow cultures. In this study, we found that an aqueous extract of Foeniculum vulgare Miller seed (FvMs) at low concentration, which has traditionally been used as a treatment for a variety of ailments, inhibits the osteoclast differentiation and bone resorptive activity of mature osteoclasts. We further investigated the effects of FvMs on ovariectomy (OVX)-induced bone loss using microcomputed tomography, biomechanical tests and serum marker assays for bone remodeling. Oral administration of FvMs (30 mg or 100 mg/kg/day) for 6 weeks had an intermediary effect on the prevention of femoral bone mineral density (BMD), bone mineral content (BMC), and other parameters compared to OVX controls. In addition, FvMs slightly decreased bone turnover markers that were accelerated by OVX. The boneprotective effects of FvMs may be due to suppression of an OVX-induced increase in bone turnover. Collectively, our findings indicate that FvMs have potential in preventing bone loss in postmenopausal osteoporosis by reducing both osteoclast differentiation and function.
Introduction
Osteoporosis is a systemic bone disease characterized by a reduction in bone mass, disruption in bone microarchitecture, and a consequent increase in bone fragility. Adult bones are continuously remodeled through the formation of new bone tissue by osteoblasts and the resorption of old bone tissue by osteoclasts (1) . In general, an imbalance in bone remodeling caused by increased bone resorption over bone formation leads to most adult skeletal diseases, including osteoporosis and rheumatoid arthritis (2) . Therefore, enhanced activation of osteoclasts is the target for therapeutic intervention of pathological bone loss.
Current drugs for bone health include bisphosphonates, calcitonin, and estrogen, which prevent osteoclastic bone resorption, resulting in the maintenance of bone mass and a reduction in the number of fractures (3, 4) ; however, each of these drugs is associated with some adverse effects, such as hypercalcemia, increased risk of breast and endometrial cancer, and gastrointestinal intolerance for bisphosphonate (5, 6) . Hence, it is necessary to develop naturally occurring compounds with fewer side effects that can substitute for or eliminate the drugs that are currently used.
Traditional medicines derived from plants have been used to prevent and treat osteoporosis in many countries, since they have fewer adverse reactions and are more suitable for long-term use than chemically synthesized medicines. To find natural compounds that may inhibit osteoclastogenesis, we screened herbal extracts and compounds on a bone marrow culture system. During our screening we observed that an aqueous extract of Foeniculum vulgare Miller (Fennel) seed (FvMs) has strong inhibitory effects on osteoclast differentiation and bone resorption in vitro. Fennel has shown numerous effects in vivo and in vitro, including anti-inflammatory (7) and antioxidant activity (8, 9) ; however, its beneficial effects on bone metabolism have not previously been evaluated. The present study was conducted to investigate the effect of Fennel extracts on osteoclast differentiation and function in vitro and possible beneficial effects on bone loss in an ovariectomized mouse model.
Potent inhibitory effect of Foeniculum vulgare
Miller extract on osteoclast differentiation and ovariectomy-induced bone loss 
Materials and methods

Preparation of an aqueous extract of Foeniculum vulgare Miller seed (FvMs). Seeds of Foeniculum vulgare
Miller, harvested at a farm in Young Cheon, between October and November 2008, were identified by a senior staff member of the University. The sample was pulverized, and ~200 g of powder was extracted with 1,000 ml distilled water by an extractor (DWP-3800T; Separable Glass Pot, DaeWoong Co., Seoul, Korea) for 6 h at 60˚C. The extracts were filtrated, lyophilized, and then dissolved in appropriate buffers and adjusted to a concentration of 100 mg/ml for various in vitro and in vivo assays. The voucher specimen of the plant has been deposited in the Laboratory of Enzyme Biotechnology, Kyungpook National University, Daegu, Korea.
Osteoclast differentiation assay. To generate mouse-bonemarrow-derived osteoclasts, monocytes were isolated from the bone marrow of the tibia and femurs of 6-8 week-old ICR mice as previously described (10) . Non-adherent bone marrow cells were seeded in 96-well plates (3x10 4 cells/well) and cultured with 10 ng/ml M-CSF for 3 days. At this stage, the cells were considered bone-marrow-derived macrophages (BMMs). For osteoclastogenesis, BMMs were cultured with RANKL (20 ng/ml) and M-CSF (10 ng/ml) for 4-5 days in the presence or absence of sample. The tartrate-resistant acid phosphatase (TRAP) staining and its activity assay are described in our previous papers (10, 11) . Cell viability was determined by the CellTiter 96 ® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI) following the manufacturer's instructions.
Reverse transcriptase-polymerase chain reaction analysis. Total RNA was prepared using TRI reagent according to the manufacturer's instructions. Total RNA (2 µg) from each sample was reverse-transcribed with a SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA), and cDNA was amplified by PCR. The primers and PCR conditions for TRAP, Cathepsin K, MMP-9, GAPDH (12), c-Src (13), NFATc1, and DC-STAMP (14) have all been previously published. The PCR products were electrophoresed on a 1% agarose gel and the image was captured with an ImageQuant LAS 4000 documentation system (GE Healthcare, Piscataway, NJ).
Resorption pit formation. For the resorption pit assays, multinucleated osteoclasts were induced. Mouse BMM cells (3x10 4 cells/well) were seeded on bone slices (IDS Ltd., Boldon, UK) and treated with RANKL (20 ng/ml) and M-CSF (10 ng/ml) until multinucleated osteoclasts were formed. Then the cells were treated with or without FvMs in the presence of M-CSF and RANKL for 2 days. After the incubation, attached cells were completely removed from bone slices with mechanical agitation. Resorption pits on bone slices were visualized by staining the slices with Hematoxylin solution. To quantify the osteoclast bone resorption, pit areas were analyzed by image analysis (Paint.NET; http://www.getpaint. net/index.html).
Osteoclast survival and actin ring formation assays. Mature osteoclasts were treated with or without FvMs in the presence of M-CSF and RANKL for 24 h. After washing twice with PBS, attached cells were stained for TRAP. Another set of cultures was assessed for actin ring formation assay. Briefly, cells were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. After washing with PBS, the cells were stained with TRITC-conjugated phalloidin (Sigma-Aldrich) or DAPI to visualize F-actin or nuclei, respectively. Fluorescence images were obtained by using a fluorescence microscope.
Animals and treatments. Thirty-two female C57BL/6 mice, 8 weeks of age, were purchased from the DaeHan Biolink (Seoul, Korea) and acclimated to laboratory conditions for 1 week before the experiment. Sham-operated (sham, n=8) mice were subjected to sham surgery exposure, but their ovaries were not removed. Ovariectomy (OVX, n=24) was performed on the other groups by removing the bilateral ovaries and randomly assigning them to three groups (n=8 per group): the OVX, low dose of FvMs (30 mg/kg), and high dose of FvMs (100 mg/kg) groups. Mice were housed in an air-conditioned room with a 12-h light/dark cycle at a temperature of 22±2˚C and 45-65% humidity, and given free access to food and tap water. Drug treatment started 10 days after surgery. Water was injected into negative control groups (sham and OVX). For the others, FvMs 30 (OVX+FvMs 30) or FvMs 100 mg/kg/day (OVX+FvMs 100) was administered orally for 6 weeks. At the end of treatment, all the mice were anesthetized using pentobarbitone, and exsanguination was performed by cardiac puncture followed by cervical dislocation. Serum was separated by centrifugation (1,500 x g) and then stored at -80˚C for future bone metabolic marker assay. The bilateral femurs were harvested, fixed with a 3.7% formaldehyde in PBS solution (pH 7.4) for 16 h, and then stored (4˚C) at 80% ethanol for microcomputed tomography.
Bone metabolic markers. Serum osteocalcin levels, the sensitive biomarker of bone formation, was measured by osteocalcin EIA kit (Biomedical Technologies, Stoughton, MA), and the effects of the treatments on bone resorption were evaluated using a RatLaps™ ELISA kit (Nordic Bioscience Diagnostics, Herlev, Denmark) to detect C-terminal telopeptide fragments of type I collagen C-terminus (CTX) generated by the osteoclasts (15) .
Microcomputed tomography (µCT).
Microcomputerized tomography analysis (µCT) of the femur was performed using the eXplore Locus SP scanner (GE Healthcare). The imaging parameters included exposure time 3 sec/frame, X-ray energy settings of 80 kV and current of 80 µA, a scan technique of 360˚ rotation, and an isotopic resolution of 8x8x8 µm voxel size. The image analyses were performed with the software Reconstruction Utility and Microview 2.2 (GE Healthcare). For the bone analysis, the region of 0.7-2.3 mm from the growth plate was selected as the region of interest (ROI) and image information was obtained based on the automatic domain value yielded by the computer. Several bone morphometric parameters, including bone mineral density (BMD), bone mineral content (BMC), bone volume fraction (BVF), tissue mineral density (TMD), trabecular separation (Tb.Sp.), and cortical bone mineral density (Cr.BMD) were obtained by analyzing the ROI.
Femoral mechanical testing. Mechanical femoral resistance was determined by a three-point bending test using the Universal Testing Machine (Instron 4202; Instron, Canton, MA). The detailed procedures were previously described (11) .
Statistical analysis. The results were expressed as mean ± S.D. Statistical significance was determined by the 2-tailed Student's t-test. The differences were considered to be significant at P<0.05.
Results
Inhibition of RANKL-induced osteoclastogenesis and mRNA expression of osteoclast-specific genes by the aqueous extract of Foeniculum vulgare Miller seed (FvMs).
To evaluate whether the extracts have potential in alleviating osteoporosis-related diseases, we first collected 250 kinds of herbal plants, and prepared sample fractions by 5 solvents: aqueous, ethanolic, methanolic, ethyl acetate, or DMSO fractions, respectively. From amongst the extracts tested, the FvMs exhibited the most potent activity by TRAP assay (data not shown). To define the effective doses of FvMs on osteoclast formation of mouse BMM cells, various concentrations of FvMs were applied to mouse BMM cells undergoing osteoclast differentiation. The FvMs inhibited osteoclast formation by 56, 76, and 99% at 0.5, 1.0, and 2.0 µg/ml, respectively (Fig. 1) . To ascertain that the inhibitory effects of FvMs on osteoclast formation were not due to its cytotoxicity, its effect on cell viability was evaluated. As shown in Fig. 1C , FvMs caused neither cytotoxicity nor reduced growth of osteoclast precursors within the concentrations tested in this study (up to 200 µg/ml). Additionally, FvMs (2.0 µg/ml) treatment with RANKL significantly suppressed the expression of osteoclast-associated genes, including NFATc1, c-Src, DC-STAMP and TRAP which were dramatically induced by RANKL (Fig. 1D) . 
FvMs inhibits resorption pit formation in vitro.
Differentiated multinuclear osteoclasts undergo a morphological and functional polarization and begin to resorb mineralized bone surface. To examine whether FvMs inhibits osteoclast function, we performed the in vitro resorption pit assay. Mature osteoclasts were incubated on a dentine slice with M-CSF and RANKL in the presence or absence of FvMs (2 or 10 µg/ml) for 48 h. In the presence of FvMs, bone resorption was inhibited in a dose-dependent manner. The measurement of resorbed areas revealed more than 90% inhibition by 10 µg/ml FvMs ( Fig. 2A and B) . Actin ring formation in osteoclasts is essential for optimal osteoclastic bone resorption. When osteoclasts with actin rings were treated with FvMs for 48 h, the number of OCs observed on the bone slices was not affected compared with the control group, however, their size was somewhat constricted and they were irregular in shape (Fig. 2C) .
Effects of FvMs on bone loss in OVX-mice.
At the end of the treatment, the mean final body weight was significantly increased in the OVX group (26.72±1.80) compared with sham mice. Both the low-dose and high-dose FvMs groups had about 9% lower body weights (p<0.05) than the vehicletreated OVX group (Fig. 3) . Fig. 4A shows the representative µCT images of distal femur metaphyses. The vehicle-treated OVX mice had lower values in BMD (-22.1%), BMC (-26.8%), TMD, and Cr.BMD, and a higher value in trabecular space (Tb.Sp) when compared to the vehicle-treated sham mice, differences that are statistically significance (Fig. 4B) . Treatment with low doses of FvMs (30 mg/kg/day) caused a significant increase in BMC and BMD of trabecular bone in the femur, compared with OVX controls. TMD and Cr.BMD were also significantly increased compared with OVX mice. These results show that administration of FvMs improved BMD and BMC of the trabecular bone and decreased bone loss induced by OVX.
Mechanical strength analyses and serum bone markers.
The OVX group showed on average 25% lower maximal load than that of the sham group (P<0.05). Treatments with FvMs could prevent the deterioration of bending strength; the group treated with FvMs (100 mg/kg/day) had significant higher values for maximal load (21%) and strength (20%) than the OVX control group (Fig. 5) . On serum bone markers, as compared with the sham group, the OVX group showed 1.5 to 2-fold higher CTX and osteocalcin levels (P<0.05), respectively. Compared with vehicle-treated OVX animals, OVX mice treated with FvMs (30 or 100 mg/kg/day) had slightly (but not significantly) lower serum osteocalcin levels (30% vs. OVX). In analysis of CTX, high doses of FvMs (100 mg/ kg/day) showed about a 10% decrease compared with the OVX group (data not shown). 
Discussion
Many plant-derived products have been used as folk medicines for bone-destructive diseases such as osteoporosis, periodontal diseases, and rheumatoid arthritis. Osteoclasts are multinucleated cells that have a unique role in bone degradation. In a search for natural compounds that suppress osteoclast formation and activity, an aqueous extract of Foeniculum vulgare Miller seed (FvMs) was identified as an effective agent. Foeniculum vulgare Miller (Fennel) has traditionally been used as a treatment for a variety of ailments, especially those of the digestive system (8). Recently, fennel has shown anticancer (16, 17) , anti-inflammatory (7), and antioxidant activity (8, 9) , and its oil fraction may have antidiabetic activity (18) .
Our study shows that FvMs dramatically inhibited TRAP activity and multinucleated cell formation in BMM cells (Fig. 1A and B) and in RAW264.7 cells (data not shown) while eliciting no cytotoxic responses (Fig. 1C) . During the differentiation process, osteoclast specific genes, such as NFATc1, DC-STAMP, MMP-9, and TRAP were specifically induced by RANKL. In the BMM culture system, expression of those genes was abolished or greatly attenuated in the presence of FvMs (Fig1. D) . NFATc1 is a key transcription factor for the expression of TRAP and other osteoclastogenesis-associated genes (19) . Furthermore, FvMs strongly inhibited RANKLinduced osteoclast formation when added during the early stages of culture. In the middle and terminal stage of the culture, the inhibitory effect of FvMs on osteoclast formation was attenuated, suggesting that FvMs acts more strongly on osteoclast precursors (data not shown).
Bone resorbing osteoclasts form the actin ring structure, which is considered essential for bone resorption by activated osteoclasts (20) . Therefore, finding drugs that disturb the integrity of the actin ring could be a useful approach to therapy for reducing bone resorption. In this experiment, FvMs inhibited bone resorption in a dose-dependent manner (Fig. 2) . Although their size and shape were somewhat different between groups, the number of OCs observed on the bone slices was not affected compared with the control group. The regulation of osteoclast survival is an important mechanism in the regulation of mature osteoclast bone-resorbing activity. We assumed that the inhibitory effect of FvMs on bone resorption is partially due to apoptosis of mature osteoclasts; however, in our experiments mature osteoclast survival was not affected by treatment with FvMs. Therefore, these results suggest that mature OC apoptosis or disrupted actin ring formation is not the main inhibitory pathway of FvMs on osteoclastic bone resorption.
Estrogen deficiency resulting from OVX leads to an increased rate of bone turnover and an imbalance between bone resorption and formation (21) . Since high turnover may lead to bone loss, downregulation of bone turnover may be beneficial to bone metabolism. As expected, OVX greatly reduced BMD in the distal femur resulting from increased bone turnover, as indicated by the higher plasma OC and CTX concentrations in the OVX group compared to the sham group (Fig. 4) . These results are in agreement with those from Wronski et al (22) , which demonstrated that bone remodeling is accelerated after the cessation of ovarian function. Our results showed that FvMs slightly decreased bone turnover markers that were accelerated by OVX. The mechanical properties of the bone are influenced by bone mass as well as bone size, bone quality, and cancellous bone architecture (23) . Our experimental data demonstrate that FvMs attenuates estrogen-dependent bone loss and biomechanical deterioration in OVX mice in a dosedependent manner (Figs. 4 and 5) .
Estrogen deficiency induces an unregulated chronic inflammatory process by increasing the local production of various osteoclastogenic cytokines within the bone microenvironment (24) . One of the cytokines responsible for the enhanced osteoclastogenesis in states of estrogen deficiency is TNF-α. It induces osteoclast formation by upregulating stromal cell production of RANKL and M-CSF (25) . In addition, administration of N-acetyl-cysteine or ascorbate antioxidants decreased osteoclast numbers on the bone surface, thereby abolishing OVX-induced bone loss (26) . Therefore, application of antioxidant or anti-inflammatory compounds, or compounds that are both antioxidant and anti-inflammatory, may be a beneficial alternative therapy for bone diseases.
In summary, the present study demonstrated that FvMs suppresses the osteoclast differentiation and bone resorption of mature osteoclasts. In addition, it prevents the decrease of bone mass induced by OVX, especially in trabecular bone, and enhances bone strength. Therefore, Foeniculum vulgare Miller may be a beneficial natural resource for prevention or treatment of bone loss induced by estrogen deficiency. Figure 5 . Evaluations of midshaft femur biomechanical properties by using a three-point bending test. Loading force to maximal load (A), and maximal strength (B). Ovariectomy significantly decreased maximal load and strength as compared with the sham group; however, the 100 mg/kg/day of FvMs group showed effects to counteract the deteriorations of these parameters. 
